We investigated the oxygen reduction reaction (ORR) activity of several monolayer-thick Co-deposited Pt(111) model catalyst surfaces (n-monolayer(ML)-Co/Pt(111): n = 0.13-2.0) in 0.1 M KOH. Cobalt layer thicknesses of less than 0.25 ML enhance the ORR activity in contrast to clean Pt(111) surfaces. The maximum activity enhancement factor of 0.25 ML-Co/Pt(111) was ca. 1.7. The rotating ring-disk electrode measurements of n MLCo/Pt(111) surfaces show an increase in the generation rates of HO 2 − at~0.8 V vs. reversible hydrogen electrode (RHE). This suggests that the deposited Co, in form of (hydro)oxide in 0.1 M KOH, functions as oxidation site and activates the Pt sites for the ORR. The results demonstrate that tuning the Pt and Co alloy compositions at the topmost surface is the key in developing highly active Pt-based alloy catalysts for the ORR, not only in acid but also in alkaline electrolytes.
Introduction
The oxygen reduction reaction (ORR) is a key catalytic reaction used in recent, advanced energy resources such as fuel cells and metal-air batteries. 1, 2 Platinum has been widely used as ORR catalyst because of its relatively high performance. The ORR performance and reaction mechanism of Pt and/or Pt-based alloy catalysts in acidic solutions have been widely studied, both experimentally and theoretically, to develop highly active and durable cathode electrode materials for polymer electrolyte fuel cells (PEFCs). [3] [4] [5] However, there is a lack of data with respect to alkaline solutions; thus, further studies of alkaline fuel cell catalysts are required. Wang et al. showed that OH species adsorbed on Pt catalyst surfaces decrease the amount of active Pt sites for ORR in alkaline solution. 6 To suppress the OH adsorption on active sites, Pt alloys with 3d transition metals (e.g., Fe, Ni, and Co) based on modifications of the electronic properties of the topmost surface of the Pt shell layers can be effectively used. [7] [8] [9] However, the relationship between the surface structure and ORR activity of alkaline fuel cell catalysts is unclear. In fact, less noble alloying elements on the topmost catalyst surfaces should easily dissolve in the electrolyte in strong acid solutions due to their high oxophilicity. 10, 11 In contrast, such elements can remain at the topmost surface as (hydro)oxide 8 in alkaline solution. In other words, the topmost surfaces of Pt-based alloy catalysts might be composed of both pure Pt sites and 3d transition metal (hydro)oxide sites. The catalytic roles of both sites should therefore be determined to understand the ORR mechanism of alkaline fuel cell catalysts.
In this study, we prepared n monolayer(ML)-thick Co-deposited Pt(111) (n ML-Co/Pt(111): n = 0.13-2.0) model catalyst surfaces under ultra-high vacuum (UHV; ³10 ¹8 Pa) and evaluated the ORR activity in 0.1 M KOH solution. The results demonstrate that sub-ML-thick Co on the Pt(111) surface contributes to ORR activity enhancement.
Experimental
All sample fabrication processes were conducted under UHV.
The base pressure of the UHV deposition system was ³2 © 10 ¹8 Pa. The sample fabrication and surface characterization under UHV have been described in detail elsewhere. [12] [13] [14] The Pt(111) singlecrystal substrate surface (T = 5 mm, t = 4 mm, miscut angle < 0.1°) was cleaned by repeated Ar + sputtering and annealing at 1173 K under UHV. Subsequently, n ML-thick Co (n = 0.13-2.0) was deposited on the Pt(111) substrate at room temperature using an electron-beam evaporator (AEV-11, AVC). The Co deposition thicknesses were determined using the flux monitor of the evaporation source and calibrated with a quartz crystal microbalance (QCM) installed in the UHV chamber. In this study, the Co thicknesses are described in ML units. The atomic radius of Co (0.125 nm) and 1 ML correspond to a thickness of ³0.3 nm.
The UHV-prepared model catalyst surfaces were quickly covered with nitrogen-purged ultrapure water (Milli-Q, Merck) after purging the load lock chamber with N 2 . Subsequently, the water-covered model catalysts were placed in a rotating ring-disk electrode (RRDE) chip (E6R1, Pine Instrument). A reversible hydrogen electrode (RHE) was used as the reference electrode; all potentials are presented with respect to the RHE. Cyclic voltammetry (CV) curves of the prepared n ML-thick-Co/Pt(111) surfaces were recorded in N 2 -purged 0.1 M KOH (99.99%, Sigma Aldrich) without disk rotation. Subsequently, linear sweep voltammetry (LSV) was performed in O 2 -saturated solution to evaluate the ORR activity. The activity was determined using kinetic-controlled current densities ( j k ) at 0.9 V derived from the Koutecky-Levich equation 15 and geometrical electrode surface area (0.196 cm 2 ). The potential applied to the polycrystalline Pt ring electrode (0.110 cm 2 ) was set to 1.2 V during the LSV measurements. The generation rate (x HO2 À %) of hydrogen peroxide ion (HO 2 ¹ ) (H 2 O 2 exist as HO 2 ¹ in alkaline solution) was calculated using Eq. (1):
where N is the correction efficiency (theoretical value: 0.254) of the ring electrode and I D and I R are the currents of the disk and ring electrodes, respectively. All electrochemical measurements were conducted at room temperature. indicating that the model catalyst surfaces retain their surface structure and cleanliness, even in these electrochemical environments. In contrast, sharp redox peaks at ³0.65 and 0.55 V dominate the CV curves of the Co-deposited surfaces. Furthermore, the electrochemical charges of the redox features increase with increasing Co thickness. Subbaraman et al. investigated the electrochemical behavior of Co hydroxide, Co(OH) 2 , on Pt(111) using CV and X-ray absorption spectroscopy. They showed that the Co(OH) 2 oxidizes to hydroxyoxide (CoOOH) at ³0.6 V. 18 The redox peaks in the CV curves of the n ML-Co/Pt(111) model catalyst surfaces should therefore correspond to oxidation-reductionreactions between Co(OH) 2 and CoOOH species that are present on the Pt(111) substrate surface.
The electrochemical surface areas of the Pt electrodes (ECSA -Pt ) can be estimated from hydrogen underpotential deposition (H upd ) charges of the corresponding CV curves. Accordingly, the surface coverage of the deposited Co can be calculated from the H upd charges of non-Co-covered Pt(111) domains because hydrogen adsorption hardly occurs at Co (hydro)oxide sites. 19 Based on the assumption of a H upd charge of 114 µC/cm 2 for the clean Pt(111) surface in alkaline solution, 20 the ECSAs of the non-Co-covered Pt(111) domains of the n ML-Co/Pt(111) (ECSA -Pt(Co/Pt(111)) ) were estimated. The surface coverage of the Co sites (ª Co ) was then calculated using Eq. (2).
ª Co ¼ 100 Â ð1 À ECSA -PtðCo=Ptð111ÞÞ =ECSA -Ptðclean Ptð111ÞÞ Þ ð2Þ
The ECSA -Pt(Co/Pt(111)) (left, vertical) and ª Co (right) are presented as function of the deposited Co thickness in Fig. 2 . The ECSA -Pt(Co/Pt(111)) linearly decreases with increasing Co thickness up to 1 ML-Co; it approaches zero above 1 ML. Accordingly, the calculated ª Co increases with increasing Co thickness and the 2 MLthick Co deposition covers the overall surface of the Pt(111) substrate.
Figures 3a and b show the LSV curves of the prepared model catalysts and the corresponding HO 2 ¹ ion generation rates [x HO2 À (%)] estimated from Eq. (1), respectively. The potential sweep direction of the measurements is 0.1 to 1.0 V. Figure 3a shows that the half-wave potentials of the ORR increase with increasing Co thickness (up to 0.25 ML). Furthermore, diffusion limiting the current regions below 0.7 V becomes unclear above Co thicknesses of 0.5 ML, accompanied by a lower-potential shift of the half-wave potentials. The x HO2 À gradually decreases with increasing Co thickness (up to 1 ML) in the potential range of 0.1-0.4 V (Fig. 3b) . The 2 ML-Co/Pt(111) surface shows a plateau (³7%) from 0.1 to 0.6 V, which agrees well with the x HO2 À reported for Co hydroxides. 21 The relatively high x HO2 À associated with the plateau of the 2 ML-Co/Pt(111) surface also supports the aforementioned reasoning that the Pt(111) substrate surface is covered with Co (hydro)oxides. In the potential region above 0.6 V, features at ³0.8 V become notable for model catalysts with Co deposition thicknesses above 0.5 ML. The onset potentials of the 0.8 V features are in good agreement with that of the oxidation reaction peaks of Co(OH) 2 to CoOOH in the CVs (Fig. 1) . These results suggest that ¹ generation features at ³0.8 V stem from the following steps (i) and (ii):
(ii) Furthermore, as shown in the inset of Fig. 3b , the 0.13 ML and 0.25 ML-Co/Pt(111) surfaces also show the 0.8 V feature of x HO2 À , although the values are rather low. Steps (i) and (ii) should proceed on the Co/Pt(111) model catalyst surface at any rate, irrespective of the deposited Co thickness. Figure 4 shows the Co thickness dependence of j k at 0.9 V, estimated from the ORR currents (i k ) divided by the geometrical surface area (0.196 cm 2 ). Figure 4 shows that a Co deposition thickness of less than 0.25 ML enhances the ORR activity in contrast to a clean Pt(111) surface. A deposition thickness above 0.5 ML deactivates the ORR. The maximum activity enhancement factor for the 0.25 ML-Co/Pt(111) surface is ³1.7. These results suggest that the active site for ORR is surface Pt atoms and small amounts of the deposited-Co (less than 0.25 ML) contribute to the ORR activity enhancements. As mentioned previously, the adsorption of OH ¹ species on the Pt surface, that is, oxidation of the surface Pt atoms causes the decrease in the active sites for ORR in alkaline solution. 6 Actually, the ORR currents of the clean Pt(111) gradually decrease from around 0.6 V, which agrees well with the onset potential of the OH adsorption shown in the CV curve (Fig. 1,  dashed line) . On the other hand, the CV curves of the Co/Pt(111) surfaces show an increase in the electrochemical current above a potential of 0.6 V, which corresponds to Co(OH) 2 oxidation [step (i)]. Based on these results, the Co-(hydro)oxides on the surface might function as "sacrificial sites" towards the surface oxidation of non-Co-covered Pt(111) domains, as depicted in Fig. 5 . An increase in x HO2 À above a potential of 0.6 V (Fig. 3) support such a so-called "ensemble effect" 22, 23 of surface Pt and Co for the ORR activity enhancement because there are no H + sources, except for step (i) above 0.6 V.
Conclusions
We investigated the ORR activity of UHV-prepared n ML-Co/ Pt(111) surfaces in 0.1 M KOH. Pt(111) substrate surfaces with deposited Co thicknesses of less than 0.25 ML show an enhanced ORR activity relative to clean Pt(111). The maximum activity enhancement factor of 0.25 ML-Co/Pt(111) compared with Pt(111) is ³1.7. On the other hand, the activity of the Co/Pt(111) surfaces steeply decreases and is deactivated above a Co thickness of 0.5 ML. The RRDE results obtained for the UHV-prepared Co/Pt(111) model catalyst surfaces show that the deposited Co sites probably function as "sacrificial sites" to enhance the ORR activity of the non-Co-covered Pt(111) domains in alkaline solution. Electrochemistry, 86(5), 243-245 (2018) 
